Introduction
Acute leukemia (AL) is a malignant clonal disease originating from progenitor or multi-potential progenitor cells. Based on the cells' antigen differentiation expression patterns, most cases of AL are classified as either myeloid or lymphoid lineage. However, there are patients with leukemic blast population who coexpresses both lymphoid and myeloid characteristics, known as biphenotypic acute leukemia (BAL) or mixed-phenotype acute leukemia (MPAL). 1 These different morphologic and immunophenotypic characteristics can be present in one leukemic blast population (biphenotypic leukemia) or may be seen on two distinct leukemic blast populations from a single patient (bilineal leukemia). 2 The European Group for
Immunological Classification of Leukemias (EGIL) had proposed a set of diagnostic criteria for BAL based on the number and degree of specificity from certain makers for myeloid or T/B lymphoid blasts. 3, 4 The World Health
Organization (WHO) criteria were proposed to the classification of acute leukemia of ambiguous lineage (ALAL), which included significant modifications to the diagnostic criteria for mixed phenotypic leukemia. Leukemia with blast co-expressing antigens with more than one lineage on the same cell population or with separate blast populations of different lineages is referred as MPAL. It can be further classified as B/Myeloid or T/Myeloid based on flow cytometric immunophenotyping, with either one or more than one population of blasts found. Thus, MPAL includes both biphenotypic and bilineal ALs. Leukemia expressed with non-lineage specific markers, such as CD34, HLA-DR, and/or CD38 and sometimes TdT but lack specific myeloid or lymphoid antigens, is designated as acute undifferentiated leukemia (AUL). Previously, the WHO criteria were more stringent than the criteria of the EGIL and heavily relied on positivity of myeloperoxidase (MPO). 5 Recently, the WHO classification was updated in 2016, but the criteria for ALAL remained unchanged. 6 A systematic review of the literature revealed 31 reports describing the prevalence of MPAL with a mean prevalence of 2.8% of acute leukemia (range 0.3-9.0%), 7 while other reports on the incidence of BAL or ALAL vary based on the criteria (EGIL or 2016 WHO) used for the diagnosis. BAL is reported to account for 2-5% of all ALs based on the EGIL criteria, while ALAL reports 1-2.5% based on the WHO criteria. 2, 8, 9 Although the incidence of AUL was not clearly defined, reports showed 0.2-1% prevalence in some studies. 10, 11 As for treatment, different kinds of chemotherapy for BAL or MPAL have been reported by different groups. 7 ALL-therapy is associated with higher initial remission rates for MPAL and is at least equivalent to more intensive AML therapy for long-term survival. Currently, a standard chemotherapy treatment has yet to be established. This study aims to retrospectively investigate the incidence, pathological characteristics, and clinical outcome of BAL patients from the First Affiliated Hospital of Zhengzhou University (Zhengzhou, China) between January 2014 and June 2019.
Methods

Patient Cohort
From January 2014 to June 2019, the medical records of newly diagnosed BAL based on the EGIL criteria, or ALAL based on the 2008/2016 WHO criteria and who were admitted at the First Affiliated Hospital of Zhengzhou University (Zhengzhou, China) were retrospectively reviewed. Clinical data were obtained, including age, sex, blood counts, blast % in bone marrow (BM), morphology, immunophenotyping, and cytogenetic/molecular studies. Treatment methods and outcome data, including induction chemotherapy, complete remission (CR), relapse, and death, were collected and reviewed. All adult patients or child patient's parents were given informed consent for both treatment and related laboratory examinations. This study was an observational, retrospective, and descriptive study of the clinical aspects of BAL, which was approved by the Ethics Committee of the First Affiliated Hospital of Zhengzhou University. The present study was performed in accordance with the ethical standards of the 1964 Declaration of Helsinki and its later amendments.
Immunophenotyping
Immunophenotyping of BM aspirates was performed using the consensus method. The result was considered positive if the antigen was expressed on more than 20% (10% for cytoplasmic markers, anti-MPO, and TdT) of leukemic cells. The panels of monoclonal antibodies (BD Biosciences, San Jose, CA, USA) used in flow cytometric immunophenotyping to detect B-cell, T-cell, and myeloid antigens were as follows: myeloid lineage (anti-MPO, CD13, CD14, CD15, CD33, CD64, and CD117), megakaryocytes (CD41 and CD61), natural killer cells (CD56), lymphoid lineage (CD10and TdT), T-lymphoid lineage (CD2, CD3, cCD3, CD4, CD8, CD5, and CD7), B-lymphoid lineage (CD19, CD20, CD79a and cCD22), and other antigens (CD11, CD34, CD36, CD38, CD58, CD123, and HLA-DR). The flow cytometer of Beckman Coulter Gallios 4-laser and 10-color model was used for this study and the Kaluza software was used for flow cytometry data collection and analysis.
Diagnostic Criteria
The diagnostic workup of BAL was based on initial morphological, cytochemical, and immunophenotypic evaluation of the BM. BAL diagnosis was established if the score from two separate lineages was greater than 2 by using the EGIL scoring system. 3 WHO criteria were used to classify the MPAL includes both biphenotypic and bilineal ALs more stringent than those of the EGIL criteria and relied heavily on positivity for myeloperoxidase (MPO). 4 Different monoclonal antibodies specific to the related antigens were used in defining the pattern of lineage involvement. The myeloid lineage-defining marker was MPO as detected by flow cytometry, immunohistochemistry; monocytic differentiation was required for assigning either diffuse positivity for non-specific esterase or expression of at least two of the following: CD11c, CD14, CD36, CD64, and lysozyme. The T-lineage-defining markers were cytoplasmic CD3 or surface CD3. The B-lineagedefining marker was either a strong CD19 with at least one of the strongly expressed CD79a, cytoplasmic CD22 and CD10, or weak CD19and at least two of the strongly expressed CD79a, cytoplasmic CD22 and CD105.
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Cytogenetics And Fusion Genes Analysis
The bone marrow samples were studied using G-banding analysis and karyotyped according to the International System for Human Cytogenetic Nomenclature. The fusion genes' mutational status was determined by real-time PCR (RT-PCR). We used Multiplex RTPCR Fusion Gene Kits provided by Rightongene (Shanghai, China). 
Next-generation Sequencing
Treatment Protocols
Total of 10 BAL patients enrolled in this study. Among the 10 patients, 8 patients received induction chemotherapy, one patient (UPID#2) moved to another hospital for treatment and another patient (UPID#4) gave up the chemotherapy after the diagnosis due to personal reasons. Patients were initially treated with remission induction therapy of either ALL or AML-directed chemotherapy. ALL-directed regimen was used in 6 patients. The chemotherapy based on VDLP regimen, vincristine (VCR), prednisone (PRD), and L-asparaginase (L-asp) with daunorubicin was used in four children patients (UPID#6,7,9,10) and two adult patients (UPID#1,8). For AML-directed chemotherapy, the induction regimen MEA and IA chemotherapy were used in 2 patients (UPID#3, and #5), respectively. Patients with CR after induction chemotherapy were defined according to the criteria of the International Working Group. 14 Two patients (UPID#5 and #7) received hematopoietic stem cell transplantation (HSCT) after initial CRs.
Statistical Analysis
Continuous variables were expressed as mean ± standard deviation; categorical variables were expressed as numbers and percentages. Continuous variables were compared using the Student's t-test, while categorical variables were compared using the chi-square test. Probabilities of survival were estimated using the Kaplan-Meier (K-M) method. A P-value of <0.05 was considered significant. The software package SPSS version 21.0 (IBM Corp., Armonk, NY, USA) was used for all statistical analyses.
Results
Patient Clinical Characteristics
Among a total of 6100 patients newly diagnosed with AL, 10 (0.16%) patients satisfied the definition of BAL based on the EGIL criteria, or MPAL based on the WHO criteria, including 7 males and 3 females. The median age of these patients at diagnosis was 19 years (range 3-67 years). One patient (UPID#1) had extramedullary invasion, including neck, mediastinum (area 8), posterior septal group, left axillary, peritoneal and retroperitoneal lymph nodes. Another patient (UPID#7) had extramedullary invasion with central nervous system leukemia. The clinical characteristics of these patients were summarized as below (Table 1) . Univariate analyses of clinical laboratory variables for the prediction of prognosis were performed on initial leukocyte count, hemoglobin, platelets, immunophenotype (M+B vs M+T). No significant difference had been found among these variables between different groups ( Table 2) .
Immunophenotypic Characteristics Table 3 shows the immunophenotypic characteristics of each BAL patient. The expression of immunological and cytochemical markers on leukemic blasts according to BAL subtypes is summarized in Table 4 . Among 10 BAL patients, 4 cases carried B/Myeloid phenotype, 4 cases carried T/Myeloid phenotype and 2 cases carried T/B phenotype. In 8 patients with myeloid lineage differentiation, MPO was positive in 6 (75%), CD13 in 4 (50%), CD33 in 4 (50%), CD38 in 6 (75%), CD58 in 3 (37.5%), CD117 in 4 (50%) patients. In 5 patients with B-lymphoid lineage differentiation, CD19 was positive in 4 (80%), CD79a in 5 (100%) patients. The most frequently T-lymphoid lineage positive marker was CD7 and cCD3, which were positive in 4 of 5 (80%) patients. The stem cell markers HLA-DR and CD34 were both positive in 8 (80%) patients, while CD117 was positive in 4 (40%) patients.
Cytogenetic Characteristics
Results of cytogenetic analysis performed on all patients were available. Details of cytogenetic analysis and molecular studies are presented in Table 1 . In cytogenetic analysis, 7 of 10 patients had normal karyotypes (UPID#1, 2, 6, 7, 8, 9.10) while the other 3 patients had clonal abnormalities. UPID#4 had 46, xx, t(9;22)(q34;q11) aberration; UPID#6 had 45, XY, −719/46, idem, +8 aberration; and UPID#7 had 45, X,-Y, del (7)q32, t(8.21) (q22;q22) aberration. Molecular markers of fusion genes results showed that one patient (UPID#4) had BCR/ABL fusion gene mutation. NGS gene mutation analysis results demonstrated that two patients (UPID# 3, 5) had RUNX1 gene mutation and one patient (UPID#9) had JAK1, JAK3, FBXW7 mutation (Table 1) .
Treatment Outcome
Six patients initially received ALL-directed induction therapy (VDLP) whereas two patients received standard induction therapy for AML (MEA and IA) ( Table 1) . Overall, 5 of 8(62.5%) patients with chemotherapy achieved complete remission (CR) after their initial induction therapy. In the AML induction group, 1 of 2 (50%) patients achieved CR. Meanwhile, 4 of 6 (66.7%) patients achieved CR after ALL-directed chemotherapy. In comparison to these two different initial induction therapy groups, there is no statistically significant difference for the CR rates (p=0.673). Among the two patients received HSCT after initial CRs, one patient (UPID#7) died two months after transplantation due to pulmonary infection, and another patient (UPID#5) is still alive. Among the 8 patients received chemotherapy, one patient only achieved partial remission and another 2 patients failed to respond to induction chemotherapy. Among the 5 patients achieved CR after initial induction chemotherapy, 3 patients had relapse (60%).
Survival Rates
Among 10 patients enrolled in this study, one patient moved to another hospital for treatment and loss of follow-up, other 6 patients died with different complications. Only three patients were still alive by end of the followup. With an average of 14.3 months follow-up (range, 4.0-42.0 mo), the median Overall survival (OS) time was 7.0 ±14.7% (Figure 1 ). Figure 2 demonstrates the survival probabilities and the survival comparison between ALL and AML-directed chemotherapy outcomes. The normal immune system cannot recognize and remove leukemic cells at an early stage most likely due to the cell's"normal" immunophenotype. Due to the different classification for AUL, MPAL and BAL, and the rarity of the disease, the morbidity of BAL or MPAL was not clearly defined. The mean prevalence of MPAL was reported as 0.2-1% in some studies. 10, 11 The incidence of BAL in this report was only 0.16% of AL patients, notably lower than other reports. This could possibly be due to the different patient populations. As for the rarity of this disease, some reports suggested that the MPAL incidence could be underestimated as the use of restrictive immunophenotypic panels or combinations lower the sensitivity of their detection.
Discussion
Here we reported 10 cases of BAL with different immunophenotypes; 4 cases with B/Myeloid lineage, 4 cases with T/Myeloid lineage and 2 cases with T/B lineage. The diagnosis was made based on the EGIL and WHO criteria. In contrast to the EGIL scoring system based on blast immunophenotype with numerous markers, the WHO criteria emphasized key lineage-defining markers with emphasis on CD19 for B lineage, CD3 for T lineage, and MPO for myeloid lineage. Comparing to the EGIL criteria, the WHO approach was simpler but relied heavily on the sensitivity and specificity of a few markers. It did not specify positive thresholds for these key markers, leaving it up to individual laboratories to decide on the definition of significant expression. This could potentially cause some deviations between individual laboratories. The incidence of B-lymphoid/myeloid phenotype was more than that of the T-lymphoid/myeloid phenotype according to the literature reports. 2, 15 In adult studies reported, more than 70% of BAL patients had the B-lymphoid/myeloid phenotype, whereas only 23-33% had the T-lymphoid/myeloid phenotype. Thus, it was found the B-lymphoid/T-lymphoid/myeloid phenotype and B-lymphoid/T-lymphoid phenotype were extremely rare. [16] [17] [18] In our study, we found equal incidence of BAL with B/Myeloid phenotype and T/Myeloid phenotype. The phenotype distribution in our patients with a mixture of children and adult BAL was different from those reported in previously published studies. 2, [15] [16] [17] [18] Although mutations in DNMT3A, TET2, RUNX1, WT1, and various rare chromosomal translocations had been previously identified in MPAL, [19] [20] [21] [22] [23] [24] [25] [26] ETV6/ RUNX1and KMT2Ar. Recent report showed that majority of the children BAL patients with clonal abnormalities involving the MLL gene, additional to the BCR/ABL fusion gene. 27 The relatively small number of patients with this rare disease made an estimation of the precise frequency of gene mutation in BAL difficult.
A systematic review and meta-analysis of quantitative synthesis for MPAL therapy in children and adults with mixed phenotype acute leukemia showed that the use of an ALL induction regimen is more likely to achieve an initial remission than more toxic AML regimens. 7 Meta-analyses supported the benefit of starting with ALL therapy for OS, but this finding was not replicated in multivariable analysis of the smaller compiled case series. It is unclear if this discrepancy is due to differences in post-induction therapy, variable use of SCT, or other differences not minimized by the large number of patients in the aggregate meta-analyses. Most recent reports showed that Ph+ MPAL was more common in male and inclined to high WBC counts at diagnosis. 28 The prognosis of patients with Ph+ MPAL was poor. Although many patients achieved CR with the initial induction chemotherapy, but the relapse rate was very high and the CR rate after relapse was very low. Imatinib and allogeneic HSCT may improve survival of patients with Ph+ MPAL. 28 In most of the publications, the selection of an induction chemotherapy regimen for AL is largely based on whether a case is classified as myeloid or lymphoid. So far, there are no agreed chemotherapy protocols for patients with BAL yet. In our study, the induction regimen was selected based on the morphology of the blasts, cytochemical stains and immunophenotyping results. We chose to use the ALL induction regimen for 6 of the 8 patients who received induction chemotherapy based on the systematic review and meta-analysis data supporting improved CR rates with ALL therapy. The other two patients received AML induction regimen based on the morphology and immune phenotyping was more toward to the AML types.
The survival rate of BAL from different studies in pediatric and adult patients had a broad variation ranged from 8.1% to 60%. 2, 15, 29 In the recent two studies on pediatric patients, the 5-year OS of the total cohort was 51.1±15.8% from Korean patients and the survival rate of MPAL based on the WHO classification was about 80%. 11, 27 One study demonstrated a better OS for the younger patients than older counterparts (75% vs 17% at 2 yrs; P=0.01). 30 A comparison study results demonstrated that the 5-year EFS probability of ALAL patients (62±5%) was lower than those of ALL patients (80±1%, P<0.001), but better than those of AML patients (49±2%, P=0.027). 15 In a meta-review study the results showed that although the survival of MPAL had been improved in recent years, but the prognosis of MPAL is still poor especially evidenced by the multivariate analysis. 29 Our results showed that 5 of 8 BAL patients (62.5%) achieved CR after their initial induction chemotherapy. Patients with ALL-directed chemotherapy achieved a different CR rate (4/6, 66.7%) compared to patients with AML-directed chemotherapy (1/2, 50%), but no statistically significant difference. The CR rates were lower than the meta-analysis results and other reports. 27, 28 Although the CR rates after initial induction chemotherapy were satisfactory, our results showed a low OS duration, indicating that the prognosis of the BAL is poor. Many patients in the different studies with a OS benefit received either HSCT after the initial CR or a new chemotherapy regimen such as Imatinib. 7, 11, 28, 29 In our study, only two patients received HSCT after initial CR, this could possibly be one of the reasons that our results for the OS duration were much lower than other studies, additional to the small number of cases. While the meta-analysis data supporting improved CR rates with ALL therapy is consistent across all aspects of this quantitative analysis, the impact of therapy type on OS is not as clear. Due to the rarity of BAL among patients, larger sample sizes prove difficult to organize. Although ALL-directed chemotherapy is more favorable than the alternative AML-directed regimen, 7, 11, 28 but the relapsing and refractory issue had been the clinical challenges for many BAL patients. Other challenges including the obscurity of pathogenesis and related molecular mechanisms in BAL make the selection of the chemotherapy regimen quite difficult. Our results demonstrated that there was no difference between ALL and AML-direction induction regimen for BAL chemotherapy. However, due to the rarity of this disease, more thorough studies on pathogenesis and targeted chemotherapy with multicenter prospective studies incorporating large number of cases are urgently needed to improve the clinical outcomes for the BAL patients.
Conclusion
BAL is a rare subgroup of acute leukemia with a poor prognosis. We reported 10 cases of BAL, including 4 cases with B/Myeloid phenotype, 4 cases with T/Myeloid phenotype and 2 cases with T/B phenotype. Five of 8 patients with chemotherapy achieved CR (62.5%) after their initial induction therapy. Immunophenotypic characteristics and cytogenetic characteristics are critical for the diagnosis and chemotherapy outcomes. Although many patients achieved CR after initial chemotherapy, but the relapse rate was very high and the CR rate after relapse was very low. Patients should receive HSCT after initial CR whenever it is possible. Our results re-confirmed that BAL is a rare malignancy with a very poor prognosis. Due to the rarity of the disease, further studies of pathogenesis on the cellular and molecular anomalies with some new therapeutic targets need to be explored to improve patients' prognosis.
